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I. INTRODUCTION 
I The r e s u l t s  presented  i n  t h i s  r e p o r t  were obta ined  dur ing  
t h e  s i x  month pe r iod  15 September 1965 t o  15 March 1966. The 
fol lowing personnel  w e r e  actively engaged i n  t h e  r e s e a r c h  program: 
Facul ty:  
D r .  John C.  C o r e l l i  (ha l f  time) 
Adjunct P r o f e s s o r ,  James W. Corbett * 
Graduate S tudents :  
M r .  Li-Jen Cheng (Le f t  January 21 ,  1966) 
M r .  John E .  F i sche r  ( L e f t  January 21,  1966) 
M r .  Arne H. K a l m a  (On pre-doctora l  NASA Traineeship)  
M r .  W i l l i a m  Bohlke 
Undergraduate P a r t i c i p a n t :  
M r .  Martin Weinhous (Physics Department) 
Research Technician: 
M r .  James W. Westhead 
Both M r .  F i sche r  and M r .  Cheng f i n i s h e d  t h e i r  Ph.D. programs 
dur ing  t h e  c u r r e n t  r e p o r t  period. M r .  Cheng i s  now i n  the  
Meta l lurgy  Div i s ion ,  Chalk River Laboratory,  Ontar io ,  and i s  
sponsored by a Nat iona l  Research Council  Fellowship.  M r .  F i sche r  
is  now a t  Ecole Normale Supe'rieur, P a r i s ,  France where he has an 
appointment i n  t h e  Labora to i r e  de Physique. 
0 
* 
Served i n  t h e  r e s e a r c h  program as a p a r t  time c o n s u l t a n t ,  
l e c t u r e r ,  e tc . ,  and i s  a f u l l  t ime s c i e n t i s t  a t  t h e  General 
E lec t r ic  Research and Development Center ,  Schenectady, New York. 
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A b r i e f  summary of each phase of  t h e  r e sea rch  t o  be r epor t ed  
here  i s  given below. 
1) I n f r a r e d  spectroscopy w a s  used t o  i d e n t i f y  t h e  1,8, 3 . 3  and 
3 . 9 ~  d e f e c t  abso rp t ion  bands i n  s i l i c o n  as being due t o  t h e  
divacancy d e f e c t .  The s i l i c o n  samples w e r e  o r i e n t e d  and 
w e r e  i r r a d i a t e d  e i t h e r  w i th  45 Mev e l e c t r o n s  o r  fast neutrons 
(a 1 Mev). 
p o l a r i z e d  i n f r a r e d  l i g h t  w e r e  used t o  s tudy  t h e  d e f e c t  
symmetry by measuring d i ch ro ic  r a t i o s  and comparing them t o  
what has been learned  from s p i n  resonance experiments on 
e l e c t r o n -  i r r a d i a t e d  s i l i c o n .  
Radia t ion  damage induced i n  n-type germanium by 6-88 Mev 
e l e c t r o n s  w a s  s t u d i e d  by means of e l ec t r i ca l  p r o p e r t i e s  and 
carrier l i f e t i m e  measurements. A comparison of a r s e n i c  and 
antimony-doped samples w a s  made t o  check t h e  e f f e c t  of t h e  
impur i ty  type (and concent ra t ion) .  A c o r r e l a t i o n  of t h e  
rad ia t ion- induced  accep to r  d e f e c t s  and radiat ion-induced 
t r a p s  has been made f o r  n-type germanium. 
S t r e s s  alignment of t h e  d e f e c t  i n  a d d i t i o n  t o  
2) 
3)  The e f f e c t  of phosphorus and a r s e n i c  concent ra t ion  on the  
product ion and anneal ing of t h e  divacancy d e f e c t  - as 
d e t e c t e d  by the  1.8 radiat ion-induced band - w a s  found t o  
be important.  B r i e f l y  s t a t e d  w e  f i n d  t h a t  t h e  h igher  t h e  
phosphorus o r  a r s e n i c  concent ra t ion  t h e  g r e a t e r  i t s  e f f e c t  
on t h e  annea l ing  of t h e  divacancy d e f e c t .  
/” 
4 )  Resu l t s  on t h e  use of a vacuum i n f r a r e d  monochromator f o r  
photoconduct iv i ty  s t u d i e s  are given f o r  t h e  f i r s t  t i m e .  The 
h igh  r e s o l u t i o n  of t he  newly acqui red  instrument  and the  
3. 
t 
apparent  l a c k  of water vapor o r  C02 background abso rp t ion  
i n  the  photoconduct ivi ty  spectrum have been demonstrated. 
Po r t ions  of r e s u l t s  obtained i n  t h e  r e sea rch  program have 
been given i n  va r ious  p re sen ta t ions  and papers dur ing  the  pe r iod  
15 September 1965 t o  15 March 1966 and are l i s t e d  below. 
1. " In f ra red  P r o p e r t i e s  of 40-60 MeV E l e c t r o n - I r r a d i a t e d  
Germanium", J. F. Becker and J. C .  C o r e l l i ,  J. Appl. Phys. - 36, 3606 (1965). 
I r r a d i a t e d  n-Type S i l i c o n  from 80 t o  350°K" L. J. Cheng 
and J .  C.  C o r e l l i ,  Phys. Rev., - 140A, 2130 ( i965) .  
3. "A Study of t h e  1 .8 ,  3.3 and 3.9 Micron Radiation-Induced 
Absorption Bands i n  S i l icon" ,  L. J.  Cheng and J. C .  C o r e l l i ,  
Bu l l .  Am. Phys. SOC. ,  11, 53 (1966). 
S i l i c o n  and Germanium", J. C.  C o r e l l i ,  L. J.  Cheng, J. F. 
Becker and M. R. Gaer t tner ,  Bu l l .  Am. Phys. SOC.,  11, 53 
2 .  "Recovery of E lec t r ica l  P r o p e r t i e s  i n  45 MeV Elec t ron-  
4 .  I 1  Comparison of Radiation-Induced Oxygen-Defect Complexes i n  
(1966) . 
4. 
I. "Study of t h e  1.8, 3 . 3  and 3 . 9 ~  Radia t ion  Induced Defect 
Bands i n  S i l i con" ,  Li-Jen Cheng and Arne H.  K a l m a  - 
i 
In t roduc t ion  
1 I n  t h e  last  r e p o r t  w e  concluded t h a t  t h e  1 . 8 ~  d e f e c t  
abso rp t ion  band w a s  due t o  the  divacancy' i n  one of i t s  charge 
states.  
band t o  t h e  n e u t r a l  charge s t a t e  of t h e  divacancy d e f e c t .  
During t h e  p a s t  s i x  month per iod  w e  have performed expe r i -  
ments on annea l ing  and stress response of t he  3 . 3  and 3 . 9  bands. 
The techniques u t i l i z e d  i n  the  stress response experiments 
involve  t h e  use of o r i e n t e d  s a m p l e s  and have been descr ibed  i n  
d e t a i l  elsewhere.  The rad ia t ion- induced  d e f e c t s  r e spons ib l e  f o  
t h e  1 .8 ,  3 . 3  and 3 . 9 ~  band were produced e i t h e r  by 45 Mev e l e c t r o n s  
o r  fast . . r r r r t r  L l c t L L ~ r :  bzmbardmnt 
W e  t e n t a t i v e l y  ass igned  t h e  1 . 8 ~  d e f e c t  abso rp t ion  
Y 
( E F 1, Ke1.7, w i t h  total i n t e g r a t e d  
n/cm >. 2 neut ron  f l u x e s  of r~ 3 x 
An a d d i t i o n a l  rad ia t ion- induced  broad abso rp t ion  band has 
been found and i s  loca ted  i n  t h e  wavelength range from t h e  funda- 
mental  abso rp t ion  edge of s i l i c o n  ( 2 1 . 2 ~ )  up t o  h igher  wave- 
l e n g t h s .  The f i r s t  r epor t ed  r e s u l t  on t h i s  nea r  edge abso rp t ion  
3 w a s  g iven  by Fan and Ramdas . We f i n d  t h a t  the  i n t e n s i t y  of t h i s  
near  band edge abso rp t ion  i s  a monotonically decreas ing  func t ion  
of wavelength and appears  i n  both n-type and p-type s i l i c o n  after 
i r r a d i a t i o n .  
Experimental  Resu l t s  
I n  Fig.  1 i s  shown t h e  d i c h r o i c  behavior  of t h e  3 . 3  micron 
d e f e c t  abso rp t ion  band t o  po la r i zed  l i g h t  a f te r  s t r e s s i n g  a t  
~ 1 6 0  C f o r  15 minutes (stress = 2000 g/cm >. 0 2 The r e s u l t s  given 
I. 
1 
E 
5. 
i n  Fig.  1 have been c o r r e c t e d  f o r  background abso rp t ion .  Dichroism 
e x h i b i t e d  by t h e  3.9 
he re  aga in  we have c o r r e c t e d  f o r  background abso rp t ion .  
product ion rate of the  3 . 3 ~  band i s  lower i n  f l o a t i n g  zone 
s i l i c o n  than i n  p u l l e d  s i l i c o n  which i s  s i m i l a r  t o  what w a s  
observed f o r  t h e  1 . 8 ~  band.' The p r e c i s e  r o l e  played by t h e  
oxygen atoms i n  t h e  d e f e c t  r e spons ib l e  f o r  t h e  1.8, 3 .3  and 3.9 
bands i s  s t i l l  no t  understood. 
depends on t h e  t o t a l  dose which the sample has rece ived .  
abso rp t ion  band a t  3.9 p (measured a t  300°K) inc reases  w i t h  dose 
i n i t i a l l y  then decreases  and f i n a l l y  d isappears  w i t h  a d d i t i o n a l  
dose.  
band i s  due t o  t h e  r ise of t h e  Fermi level toward t h e  middle of 
t h e  forb idden  gap caused by i r r a d i a t i o n .  When t h e  Fermi level i s  
above E 
absorp t ion  band is  shown i n  F ig .  2 ,  and r 
The 
Y 
Y band The product ion  of  t h e  3.9 
The 
Y The reason f o r  t he  s t r o n g  dose dependence of t h e  3.9 
+ 0.25 e V  t he  3 . 9 ~  band i s  no t  observed. V 
The i sochrona l  annea l ing  of t h e  3 .3  band i s  shown i n  Fig.3 Y 
f o r  two 100 ohm-cm p u l l e d  s i l i c o n  c r y s t a l s  and a 1 ohm-cm f l o a t i n g  
zone (FZ) s i l i c o n  c r y s t a l .  The annea l ing  e x h i b i t s  two s t a g e s  
s i m i l a r  t o  1 . 8 ~  band annea l ing  f o r  t h e  f l o a t i n g  zone c r y s t a l ,  
phosphorus doped, t he  f i r s t  stage i s  loca ted  a t  ~ , l 6 O % .  
r a d i a t i o n  damage s t u d i e s  i n  phosphorus doped (FZ] s i l i c o n  a d e f e c t  
c o n s i s t i n g  of a phosphorus-vacancy complex (a rad ia t ion- induced  
d e f e c t  formed by a vacancy trapped t o  a phosphorus atom) annea ls  
o u t  around 160°C.4 
t h e  phosphorus-vacancy complex d isappears  i n  s i l i c o n  by means of 
a p rocess  i n  which t h e  vacancy escapes from the  phosphorus atoms. 
From 
Watkins and Corbett '  have demonstrated t h a t  
I” 6. 
The vacancies  may then  be t r a p p e d  by t h e  d e f e c t s  causing t h e  1.8 
and the  3.3 bands,  t ransforming the  d e f e c t s  and thus  al lowing 
the  d e f e c t s  t o  l o s e  t h e i r  p r o p e r t i e s  of i n f r a r e d  absorp t ion .  
/” 
L e t  us examine the  l a s t  stage of annea l ing  i n  the  250-300°C 
temperature  range. 
3.3 p bands i n  any s p e c i f i c  sample annea l  ou t  a t  the  same 
temperature .  Recently w e  have found t h a t  t h e  3.9 and 1.8 
a l s o  annea l  o u t  t oge the r  i n  a s p e c i f i c  sample see Fig .  4 ,  thus  
I n  t h i s  temperature range the  1.8 p and the  
Y band 
s t r o n g l y  sugges t ing  the  s a m e  de fec t  i s  respons ib le  f o r  the  t h r e e  
d e f e c t  absorp t ion  bands a t  1.8 p, 3 . 3 , ~  and 3 .9  . r 
r bands are W e  s h a l l  demonstrate t h a t  t he  1.8,  3 .3  and 3.9 
a s s o c i a t e d  wi th  t h e  divacancy de fec t  i n  s i l i c o n .  Watkins and 
i d e n t i f i e d  two e l e c t r o n  paramagnetic resonance s p e c t r a  Corbe t t  
(Si-G6) and Si-G7) as a r i s i n g  from two d i f f e r e n t  charge states of 
t h e  divacancy, and they presented  a model of t h e  microscopic 
conf igu ra t ion  of t h e  d e f e c t  and t h e  e l e c t r o n i c  s t r u c t u r e  i n  each 
charge s ta te .  Under un iax ia l  s t r e s s i n g  a loca l i zed  e l e c t r o n i c  
conf igu ra t ion  can occur ,  as was  observed by Watkins and Corbe t t .  
The d i s t r i b u t i o n  of paramagnetic e l e c t r o n s  from s p i n  resonance 
measurements had a p r e f e r e n t i a l  o r i e n t a t i o n  c l o s e  t o  the  (110 
d i r e c t i o n .  I f  we  use the  model or  tk divacancy t o  i n t e r p r e t  our  
i n f r a r e d  d a t a  we  f i n d  t h a t  t he  d i r e c t i o n s  of the  e lectr ic  d ipo le  
t r a n s i t i o n  moments of t he  1.8, 3.3 and 3.9 bands are c l o s e  t o  
t h e  (119 d i r e c t i o n .  
2 9 6  
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P 
Using t h e  divacancy model one can estimate t h e  expected 
d ichro ism f o r  [loo] stressing from t h e  fo l lowing  
(1) ............. 
, -  
7. 
where S i s  magnitude of stress, hnd r is  def ined  in  such a way I 
t h a t  r S  is  equa l  t o  the  energy d i f f e r e n c e  between two non- 
equ iva len t  states of the  e l e c t r o n i c  d i s t r i b u t i o n  under t h e  stress, 
k and T are t h e  Boltzmann cons tan t  and abso lu te  temperature 
r e s p e c t i v e l y .  
wi th  l i g h t  of d i f f e r e n t  p o l a r i z a t i o n  f o r  va r ious  magnitudes of 
t h e  stress a long  [loa a t  room temperature are p l o t t e d  i n  Fig.5.  
From t h e s e  d a t a  and equat ion  (1) w e  can estimate the  va lue  of 
The abso rp t ion  curves of t h e  3 . 9 ~  band measured 
rs 1 f o r  t h e  1.8 and3.9 bands f o r  va r ious  magnitudes of P e- /tT 
t h e  stress.  The r e s u l t  i s  p l o t t e d  i n  F ig .  6 .  W e  have analyzed 
our  d a t a  i n  a f a sh ion  s imilar  t o  t h a t  used by Watkins and C o r b e t t . -  297 
They assumed t h a t  t he  change i n  energy of t he  e l e c t r o n i c  d i s t r i -  
b u t i m  was determined p r i m a r i l y  by t h e  change i n  t h e  d i s t a n c e  
between two atoms forming the  covalen t  bond i n  t h e  s t r a i n e d  
la t t i ce .  The change i n  energy p e r  u n i t  s t r a i n  a long  a covalen t  
bond d i r e c t i o n  i s  def ined  as 
From t h e  s lopes  of t h e  l i n e s  i n  Fig.  6 we o b t a i n  
M =t26 eV/uni t  s t r a i n  f o r  the  3 . 9  p band 
M -18 eV/uni t  s t r a i n  f o r  t h e  1.8 
r 2  band 
The v a l u e s  g iven  by Watkins and Corbe t t  from t h e i r  EPR work on 
t h e  divacancy are +24 and +32 eV/unit  s t r a i n  f o r  t h e  s i n g l e  
p o s i t i v e  and s i n g l e  nega t ive  charged states r e s p e c t i v e l y .  I n  
what fo l lows  w e  g i v e  arguments i n  suppor t  of t h e  f ac t  t h a t  t he  
3 . 9 f  band may be a s s o c i a t e d  with t h e  s i n g l e  p o s i t i v e  charge 
8. 
s ta te  of t he  divacancy. The charged state of t h e  d e f e c t  causing 
t h e  1 . 8 ~  band is s t i l l  unknown, a l though our  r e s u l t s  sugges t  i t  
may be t h e  n e u t r a l  s t a t e .  
s t r a i n  f o r  t h e  divacancy are reasonable ,  be ing  similar t o  va lues  
of Watkins and Corbe t t  
Our values  f o r  t h e  energy p e r  u n i t  
2 f o r  t h e  divacancy d e f e c t .  
Upon c l o s e  examination of t h e  model of t h e  divacancy one can 
observe t h a t  t h e r e  i s  an a d d i t i o n a l  "degree of freedom'' amenable 
t o  s tudy  which i s  t h e  r e o r i e n t a t i o n  of t h e  vacancy-vacancy a x i s ,  
among t h e  fou r  d i f f e r e n t  o r i e n t a t i o n s  i n  t h e  c r y s t a l .  This 
r e o r i e n t a t i o n  can be made t o  occur by stress alignment a t  
e l e v a t e d  temperature  (.v l 5 O - 1 7 O 0 C )  , as w a s  r epor t ed  by Watkins 
and Corbe t t .2  W e  have observed t h a t  t h e  d e f e c t s  causing t h e  1 .8 ,  
3 . 3  and 3 . 9 ~  bands can be r e d i s t r i b u t e d  among t h e  c r y s t a l l o g r a -  
p h i c a l l y  a l lowable o r i e n t a t i o n s  under a u n i a x i a l  stress a t  160OC. 
The stress i s  kept  on t h e  sample u n t i l  i t  coo l s  down t o  room 
temperature .  S i g n i f i c a n t  dichroisms w e r e  observed i n  the  1.8, 
3 . 3  and 3 . 9  bands i n  t h e  samples a f t e r  t h e  high temperature 
[llO] , and f o r  a l l  t h r e e  bands t h e  observed s t r e s s i n g s  a long  
dichroisms are l a r g e r  than  u n i t y .  De ta i l ed  r e s u l t s  on t h e  1.8 
band have been given previous ly .  
, 
r 
y. 
1 Our experimental  d a t a  from high 
temperature  s t r e s s i n g  a long  var ious c r y s t a l l i n e  o r i e n t a t i o n s  are 
g iven  i n  Fig.  1 ( 3 . 3  band) and Fig .  2 ( 3 . 9  band). No s i g n i f i c a n t  
d ichro ism i s  observed f o r  t h e  1.8,  3 . 3  and 3 . 9 ~  bands a f t e r  
s t r e s s i n g  a long  t h e  
f o r  15 minutes ,  thus  demonstrating t h a t  the  d e f e c t s  causing t h e  
t h r e e  bands have an atomic symmetry axis along a (119 d i r e c t i o n ,  
s i n c e  any cube a x i s  makes e q u a l  ang le s  wi th  a l l  fou r  cube 
d i r e c t i o n  a t  a temperature of  %16OoC 
I -  9 .  
diagonals .  This r e s u l t  f i t s  t h e  divacancy model w e l l  s i n c e  t h e  
vacancy-vacancy a x i s  of the  divacancy i s  i n  a (119 d i r e c t i o n .  
The d e t a i l e d  t a b u l a t i o n  of a l l  our measured dichroisms are found 
i n  t h e  Ph.D. Thesis  of Li-Jen Cheng and w i l l  be publ i shed  i n  a 
s e p a r a t e  paper la ter .  
I sochrona l  annea l ing  experiments were c a r r i e d  o u t  on t h e  
recovery of t h e  s t r e s s - induced  dichroisms of t h e  1.8, 3 . 3  and 
3 . 9 ~  bands. 
comparison are t h e  EPR annea l ing  d a t a  on the  divacancy given by 
Watkins and Corbe t t . ”  I t  c a n  be seen  t h a t  t h e  dichroisms of t h e  
t h r e e  bands annea l  o u t  i n  t h e  same manner as t h e  annea l ing  of 
t h e  dichroism of t h e  divacancy repor ted  by Watkins and Corbe t t .  
(Note: t he  EPR p o l a r i z a t i o n  data  converted to dichroism by u s e  
of divacancy model.) 
Discuss ion  of Resu l t s  and Conclusions 
The r e s u l t s  are shown i n  Fig.  7 and a l s o  shown f o r  
3 
2 
The l a r g e  body of evidence given above and i n  t h e  previous 
i-’ bands repor t ’  l eads  u s  t o  conclude t h a t  t h e  1.8,  3 . 3 ,  and 3 . 9  
arise from t h e  s a m e  d e f e c t .  The important  experimental  evidence 
suppor t ing  t h i s  conclus ion  i s  (1) a l l  bands have s a m e  annea l ing  
tempera tures ,  (2)  a l l  bands e x h i b i t  s a m e  e f fec t  of u n i a x i a l  
s t r e s s i n g  on t h e  e l e c t r o n i c  d i s t r i b u t i o n s  ( 3 )  a l l  bands e x h i b i t  
s a m e  e f fec t  of u n i a x i a l  s t r e s s i n g  on atomic r e o r i e n t a t i o n  of t h e  
d e f e c t ,  and ( 4 )  high  temperature s t r e s s - induced  dichroisms i n  the  
t h r e e  bands annea l  o u t  a t  t h e  same teml’erature. I n  a d d i t i o n  t o  
t h e  conc lus ion  t h a t  t h e  s a m e  d e f e c t  g ives  r ise t o  a l l  t h r e e  bands 
we  have no experimental  evidence which goes c o n t r a r y  t o  the  con- 
c l u s i o n  t h a t  d e f e c t  i n  ques t ion  i s  t h e  DIVACANCY. Both t h e  
divacancy and t h e  d e f e c t  causing t h e  1.8, 3 . 3 ,  and 3 . 9  
have a n  atomic symmetry axis along (111). The response of t he  
y. bands 
10. 
e l e c t r o n i c  d i s t r i b u t i o n  of t h e  de fec t  t o  t h e  u n i a x i a l  stress f i t s  
the  divacancy model w e l l  and agrees wi th  r e s u l t s  of Watkins and 
Corbe t t  on t h e  divacancy d e f e c t .  The recovery of t h e  stress- 
induced alignments of t h e  d e f e c t  is  e x a c t l y  t h e  same as f o r  t h e  
divacancy. 
2 
2 
Two minor experimental  f a c t s  r e l a t i n g  t o  t h e  above conclusion 
s t i l l  remain and r e q u i r e  f u r t h e r  s tudy  f o r  the i r  explana t ion ,  
they  are 1) product ion rate of divacancy i n  p u l l e d  c r y s t a l s  i s  
h igher  than i n  f l o a t i n g  zone samples  i n d i c a t i n g  t h e  r o l e  played 
by oxygen atoms i s  important)  2) no a n i s o t r o p i c  product ion of t h e  
d e f e c t  w a s  observed i n  our  experiments. W e  can exp la in  t h e  l a c k  
a n i s o t r o p i c  product ion i n  our work as being due t o  i t s  r e l a t i v e l y  
sn-all magnlnide ~ 1 5 %  vhfcf? is just on t h e  margin of our exper i -  
mental  c a p a b i l i t y .  
of t h e  r o l e  oxygen atoms p lay  i n  t h e  divacancy production process  
has been given and w i l l  be included i n  t h e  f i n a l  r e p o r t  of t h i s  
work. 
Only a q u a l i t a t i v e  and s p e c u l a t i v e  explana t ion  
11. 
11. Studies  of Defects  Induced in  6-88 MeV E lec t ron - I r r ad ia t ed  
N-Type Germanium by Carrier Concentrat ion,  Conduct iv i ty  and 
Carrier Li fe t ime Measurements, John E. F ischer  
This  work has been completed and formed the  b a s i s  of t he  
* 
Ph.D. t h e s i s  of J. E.  F i scher .  A paper was  w r i t t e n  and submit ted 
f o r  p u b l i c a t i o n  i n  the  Journa l  of Applied Phys ics ,  March 1966, 
and f o r  t he  purposes of t h i s  progress  r e p o r t  we  have only  included 
t h e  a b s t r a c t  of t h e  paper .  
Product ion and Annealing of Defects  i n  
6-88 MeV E lec t ron - I r r ad ia t ed  N-Type Germanium 
J. E. F ischer  and J. C. C o r e l l i  
ABSTRACT 
r" iwo c l a s s e s  of defect azzeptsr l e v e l s ,  three c l a s s e s  of 
minor i ty  hole  t r a p s ,  and recombination c e n t e r s  are in t roduced  
by 48 MeV e l e c t r o n  bombardment of As-  and Sb-doped (n-type) 
germanium a t  85OK. 
t o g e t h e r  i n  f i v e  s t a g e s ,  sugges t ing  t h a t  t h e  t r a p s  and acceptors  
are due t o  the  s a m e  d e f e c t s .  
200°K, 360°K, 460°K and about 540°K. 
energy levels are a t  o r  below the middle of t h e  forb idden  gap, 
and t h e  dominant t rapping  energy levels are wi th in  0.16 e V  of 
t h e  va lence  band. Less  than  15% of the  removed e l e c t r o n s  are 
t rapped  by a level 0.20 e V  below t h e  conduction band. The 
recombination c e n t e r s  recover  completely below 200°K. 
300°K i r r a d i a t i o n  wi th  6, 47 and 88 MeV e l e c t r o n s ,  only one 
t r app ing  level loca ted  a t  0.10 - + 0.01 e V  above t h e  va lence  band 
The recovery of t r a p s  and acceptors  occurs  
The s t a g e s  are centered  a t  150°K, 
The dominant acceptor  
A f t e r  
* 
P r e - p r i n t s  w e r e  t r ansmi t t ed  t o  NASA February 8, 1966. The 
p r e p r i n t  is  cons idered  an  i n t e  r a l  p a r t  of t h i s  progress  r e p o r t  
f o r  t h e  per iod  15 September 19 % 5 - 15 March 1966. 
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I -  i n  a samples (As-  o r  Sb-doped), is  observed. The in t roduc t ion  
t rate and recovery behavior  of t h i s  t r app ing  level i s  independent 
of A s  and Sb concen t r a t ion  up t o  2 x donors/cm 3 . The decay 
of excess  carriers i s  analyzed i n  t e r m s  of t he  l a r g e - i n j e c t i o n  
8 model due t o  Baicker.  
c r i t i c i z e d  i n  l i g h t  of t h e  present  r e s u l t s .  
and antimony on t h e  na tu re  and recovery of t h e  va r ious  d e f e c t s  i s  
i n v e s t i g a t e d .  
low energy e l e c t r o n  ( 2 1  MeV) and Co-60 gamma i r r a d i a t i o n .  
1 
I 
The a p p l i c a b i l i t y  of t h i s  model i s  
I The e f f e c t  of a r s e n i c  
The r e s u l t s  are compared wi th  those  obtained i n  
13.  
.II. Study of t h e  E f f e c t  of Phosphorus Concentrat ion on the  
Radiation-Induced 1.8 band i n  S i l i c o n ,  A .  H. K a l m a  and W. Bohlke /” 
Previous s t u d i e s  of the  1 . 8 ~  abso rp t ion  band i n  2 4 5  MeV 
e l e c t r o n - i r r a d i a t e d  n-type s i l i c o n  doped wi th  phosphorus have shown 
t h a t  t h e  i soch rona l  annea l ing  of t h e  band occurs  i n  two s t a g e s  
i n  f l o a t i n g  zone material bu t  only one s t a g e  i n  p u l l e d  c r y s t a l s .  
Some of t h e  d i f f e r e n c e s  i n  t h e  product ion and annea l ing  of t he  
1 . 8 ~  band i n  t h e  two types of materials has been found t o  be due 
t o  t h e  d i f f e r e n c e  i n  oxygen con ten t ,  b u t  an explana t ion  of t h e  
lower temperature  anneal ing stage i n  f l o a t i n g  zone material has 
n o t  been given.  W e  have begun some f u r t h e r  s t u d i e s  t o  determine 
t h e  n a t u r e  of t h i s  s t a g e .  F igure  8 shows t h e  i sochronal  annea l ing  
of t h e  1 . 8 ~  band f o r  several n-type s i l i c o n  samples. 
seen  t h a t  lower temperature s t a g e  accounts  f o r  a l a r g e r  percentage 
of t h e  annea l ing  i n  lower r e s i s t i v i t y ,  f l o a t i n g  zone material  
t han  it does i n  t h e  h igher  r e s i s t i v i t y ,  f l o a t i n g  zone material. 
The temperature  of t h i s  lower s t a g e  (Z17O0C) i s  about  t he  s a m e  
temperature  a t  which t h e  s i l i c o n  E c e n t e r  (phosphorus p lus  
vacancy complex) has been observed t o  annea l .  
are a dominant rad ia t ion- induced  d e f e c t  i n  f l o a t i n g  zone c r y s t a l s  
b u t  n o t  i n  p u l l e d  c r y s t a l s ,  t h i s  sugges ts  t h a t  t h e  annea l ing  of 
t h e  E c e n t e r  has a n  effect  on the 1.8 band. The h igher  t h e  E- 
c e n t e r  c o n c e n t r a t i o n  as r e s u l t s  from i r r a d i a t i o n  of the  lower 
r e s i s t i v i t y  material (1 ohm-cm, see Fig.  8) t h e  l a r g e r  t h e  e f f e c t  
on t h e  annea l ing  of  t h e  1.8 band (divacancy) . Not enough work 
IC can be 
Since E centers 4 
Y 
Y 
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p o s s i b l e  explana t ions  are given here ;  e i t h e r  t h e  mobile e n t i t y  
from t h e  annea l ing  E c e n t e r  becomes t rapped a t  t h e  divacancy (which 
causes  t h e  1.8 band) changing i t  t o  a new type of c e n t e r  o r ,  
s i n c e  the  1.8~1 band i s  Fermi l e v e l  dependent, t h e  annea l ing  of 
t h e  E c e n t e r  changes t h e  Fermi l e v e l  i n  such a way as t o  decrease  
t h e  a b s o r p t i o n  i n  t h e  1.8 band. Fu r the r  s tudy  w i l l  be  c a r r i e d  
Y 
15. 
I V .  Photoconduct iv i ty  S tud ie s  i n  $45 MeV E l e c t r o n  I r r a d i a t e d  
S i l i c o n ,  A.  H. K a l m a  and W. Bohlke 
I n  o rde r  t o  perform photoconduct ivi ty  experiments on s i l i c o n  
and germanium wi thout  having absorp t ion  of t he  i n f r a r e d  beam by 
water and C02 i n  t h e  a i r  i n t e r f e r  w i t h  the  r e s u l t s ,  w e  have 
obta ined  an  evacuable g r a t i n g  monochromator from Spex I n d u s t r i e s ,  
Metuchen, N. J.  The l i g h t  sources  we  are us ing  are a Sylvania  
Sun Gun up t o  + 2.5 f-2 and a globar  above 
have g r a t i n g s  b lazed  a t  2 p  and 6~ and p l a n  t o  purchase one 
b lazed  a t  about  3 . 5 ~ .  
f i l t e r s ,  w e  w i l l  be capable  of performing experiments i n  the  
wavelength r eg ion  from 1-10 . A t  p r e s e n t ,  w e  are set  up t o  do 
m l y  DC measurements. W e  are c u r r e n t l y  g e t t i n g  ins t rumenta t ion  
set  up t o  use chopped l i g h t  (13 cps) and a lock- in  a m p l i f i e r  t o  
g r e a t l y  improve our  s e n s i t i v i t y .  F igure  9 shows a DC photo- 
c o n d u c t i v i t y  spectrum of an A s  doped 100 ohm-cm s i l i c o n  sample 
i r r a d i a t e d  w i t h  neut rons .  The po in t s  on t h e  f i g u r e  w e r e  taken 
a t  a spac ing  t h a t  is  a t  least 50 t i m e s  g r e a t e r  than  t h e  wavelength 
r e s o l u t i o n  a v a i l a b l e  on the  instrument .  Thus, t h e  wavelength 
r e s o l u t i o n  of  t h e  monochromator is much h i g h e r  than  needed f o r  
t h e  p r e s e n t  a p p l i c a t i o n .  The r e s u l t s  i n  F ig .  9 are presented  as 
an  example of what we can do and w i l l  no t  be analyzed except  t o  
s a y  t h a t  two energy levels a t  0.8 e V  and 0 . 6 3  e V  are apparent .  
2.5 r. W e  p r e s e n t l y  
With t h i s  equipment and a system of 
I” 
W e  hope t o  be able t o  u n i a x i a l l y  stress t h e  samples and then  
examine t h e  photoconduct iv i ty  with p o l a r i z e d  l i g h t  t o  determine 
t h e  o r i e n t a t i o n  p r o p e r t i e s  of t h e  d e f e c t s  i n  much the  same way 
as we have done p rev ious ly  wi th  i n f r a r e d  abso rp t ion .  I n  t h i s  
I 
16. 
t 
way, we  w i l l  be a b l e  t o  i d e n t i f y  energy levels wi th  va r ious  
d e f e c t s .  
i r r a d i a t i o n  and measurement a t  liquid helium temperature and 
thus  be a b l e  t o  look a t  t h e  vacancy. 
Eventua l ly ,  we hope t o  have t h e  c a p a b i l i t i e s  f o r  
17. 
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FIGURE CAPTIONS 
I 
Fig. 1 
Fig.  2 
Fig.  3 
F ig .  4 
Fig.  5 
Fig.  6 
Fig.  7 
F ig .  8 
Fig.  9 
Dichroism exh ib i t ed  by the  3.3 p absorp t ion  band 
i n  s i l i c o n  a t  80°K r e s u l t i n g  from 1 5  minute stress 
a t  16OOC. 
Dichroism exh ib i t ed  by t h e  3.9 ,u absorp t ion  band 
i n  s i l i c o n  a t  room temperature r e s u l t i n g  from 1 5  
minute stress a t  1 6 O O C .  
Isochronal  anneal ing (20 minutes a t  each temperature) ,  
of t he  3.3 p absorpt ion band i n  pu l l ed  and i n  f l o a t -  
i n  -zone s i l i c o n  i r r a d i a t e d  by 45 MeV e l e c t r o n s  a t  
Fu 240%.  
I sochronal  anneal ing (20 minutes a t  each temperature) 
of the 1 . 8 ~  and 3.9 absorp t ion  band i n  the  sample 
of Si-P-1-B (FZ).  Y 
Dichroism of the  3.9 ,u absorp t ion  band i n  s i l i c o n  
due t o  room temperature s t r e s s i n g  i n  the  100 
d i r e c t i o n .  
Experimental  value of e p l o t t e d  a s  a func t ion  
of stress. 
f S  
e- 
Comparison of the  recovery of s t ress - induced  
dichroisms of t he  1.8,  3.3,  and 3 . 9 ~  bands -.ith 
t h e  EPR anneal ing r e s u l t s 2  on the  divacancy. 
Isochronal  anneal ing of t he  1 . 8 ~  defec t  absorp t ion  
band f o r  two f l o a t i n g  zone s i l i c o n  samples ( 1 and 
100 ohm-cm before  i r r a d i a t i o n )  and one pu l l ed  s i l i c o n  
sample (100 ohm-cm before i r r a d i a t i o n ) .  The samples 
w e r e  i r r a d i a t e d  w i t h  45 MeV e l e c t r o n s  a t  300°K, the  
s p e c t r a  shown i n  the  f i g u r e  were measured a t  300°K. 
Photoconduct ivi ty  spectrum of a 100 ohm-cm f l o a t i n g  
zone n- type s i l i c o n  sample measured a t  =8O0K a f t e r  
i r r a d i a t i o n  with ~ 4 5  MeV e l e c t r o n s  a t  ~ 3 0 0 O K .  
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